Cancer immune evasion is an emerging hallmark of disease progression. We have demonstrated previously that impaired actin polymerization at the T-cell immunologic synapse is a global immune dysfunction in chronic lymphocytic leukemia (CLL). Direct contact with tumor cells induces defective actin polarization at the synapse in previously healthy T cells, but the molecules mediating this dysfunction were not known. In the present study, we show via functional screening assays that CD200, CD270, CD274, and CD276 are coopted by CLL cells to induce impaired actin synapse formation in both allogeneic and autologous T cells. We also show that inhibitory ligand-induced impairment of T-cell actin dynamics is a common immunosuppressive strategy used by both hematologic (including lymphoma) and solid carcinoma cells. This immunosuppressive signaling targets T-cell Rho-GTPase activation. Of clinical relevance, the immunomodulatory drug lenalidomide prevented the induction of these defects by down-regulating tumor cell-inhibitory molecule expression. These results using human CLL as a model cancer establish a novel evasion mechanism whereby malignant cells exploit multiple inhibitory ligand signaling to down-regulate small GTPases and lytic synapse function in global T-cell populations. These findings should contribute to the design of immunotherapeutic strategies to reverse T-cell tolerance in cancer. (Blood. 2012;120(7):1412-1421)
Introduction
Targeted immunotherapy has the potential to affect cancer treatment and target drug-resistant tumor subclones. 1 Chronic lymphocytic leukemia (CLL) is a good model with which to test novel immunotherapeutic approaches 2 and to examine tumor cell interactions with immune cells. 3 The intrinsic nature of CLL and other leukemias means that circulating T cells and tumor cells are in regular contact interactions. Our previous gene-expression profiling studies in peripheral blood CD4 ϩ and CD8 ϩ T-cell populations from CLL patients revealed profound dysregulation in multiple gene pathways, including the actin cytoskeleton. 4 Functional T-cell immunologic synapses control assembly of signaling complexes between the Ag-ligated TCR and the cytoskeletal signaling layer, and is dependent on polymerized filamentous actin (F-actin). 5 T cells isolated from CLL patients have defective F-actin polymerization and immune synapse formation at the contact site with APCs, steps required for activation and CTL effector function. 6, 7 Direct contact with CLL tumor cells induces these molecular and functional defects in previously healthy T cells in vitro and in vivo. 4, 6, 8 This tumor-immunosuppressive mechanism likely contributes to disease progression and blocks the effectiveness of current immunotherapy approaches. Therefore, it is essential to elucidate the signaling mechanisms mediating T-cell dysfunction in CLL to improve our understanding of how cancer cells evade immune recognition and then use this knowledge to improve immunotherapy strategies.
In the present study, we used human CLL as a model cancer to define a novel cancer immune evasion mechanism whereby tumor cells exploit the normally tightly regulated inhibitory signaling axes of multiple cell-surface-inhibitory molecules to downregulate Rho-GTPase activation signaling, actin polymerization, and lytic synapse function in global T-cell populations.
Methods

Cell isolation and culture
All primary patient and age-matched healthy donor samples were obtained after written consent in accordance with the Declaration of Helsinki, and were approved by the North London Research Ethics Committee. All CLL patients (n ϭ 68) were previously untreated (median time from diagnosis, 30 months [range ) at the time that heparinized venous blood samples were obtained for these studies. In vivo lenalidomidederived samples came from a review board-approved clinical trial examining the efficiency of lenalidomide in previously treated symptomatic CLL patients. We used healthy allogeneic B cells as controls. Peripheral blood and lymph node samples were obtained from untreated follicular lymphoma (FL; n ϭ 6) and transformed diffuse large B-cell lymphoma (transformed DLBCL or t-FL; n ϭ 6) patients undergoing diagnostic biopsies. These nonleukemic phase FL samples had no immunophenotypic evidence of peripheral blood disease involvement. Peripheral blood T cells were isolated from the same patients from whom the lymph node biopsies were available. FL patients were selected to represent the heterogeneity of the disease, including clinical grade (grades 1, 2, and 3A) and stage of disease. Clinical factors were not shown to be associated with extent of B7-related ligand immunosuppressive signaling activity. Patientand age-matched healthy donor mononuclear cells were separated by Ficoll-Hypaque density gradient centrifugation. Healthy donor lymphocytes for the coculture assays were obtained from buffy coats prepared by the National Blood Service, NHS Blood and Transplant (Brentwood, United Kingdom). CD3 ϩ and CD8 ϩ T cells were negatively selected using Miltenyi Biotec magnetic-activated cell sorting (MACS) cell isolation kits. Normal and malignant B cells were positively selected using MACS CD19 ϩ microbeads. An autoMACS Pro separator (Miltenyi Biotec) was used for the gentle cell sorting of viable, functionally active cells. The total number of purified FL or DLBCL cells after isolation and purification ranged between 1 ϫ 10 8 and 5 ϫ 10 8 cells depending on the size of lymph node biopsy material available. The purity of isolated lymphocytes was always Ͼ 95% as determined by flow cytometry. Cell numbers and viability were measured using a Vi-CELL XR analyzer (Beckman Coulter). Primary cells were maintained in RPMI 1640 medium containing 10% human serum. MEC1 cells were cultured in IMDM GlutaMAX (Invitrogen); SKOV3 cells in DMEM high-glucose medium; VB6 cells in keratinocyte growth medium 9 ; and RPMI8226, U266, DoHH2, and CRL cells in RPMI 1640 medium. All culture media contained 10% (vol/vol) FBS, 100 U/mL of penicillin, and 100 g/mL of streptomycin and were kept at 37°C with 5% CO 2 . The telomerase-immortalized benign human ovarian cell line IOSE was cultured in MCDB105/199 (1:1) medium with 15% FBS/ epidermal growth factor (10 ng/mL)/hydrocortisone (0.5 g/mL)/insulin (5 g/mL)/bovine pituitary extract (34 g protein/mL). 10 Customized siRNA library screen MEC1 cells were treated with Accell siRNA SMARTpool-targeted reagents (Dharmacon) according to the manufacturer's delivery protocol. Briefly, 1 ϫ 10 5 MEC1 cells were incubated with siRNA (0.5M) in 96-well format at 37°C with 5% CO 2 for 72 hours before these cells were pooled (1 ϫ 10 6 ) and used in coculture assays with healthy donor T cells (3 ϫ 10 6 ). Accell medium alone did not affect the viability of MEC1 cells. Primary CLL cells were nucleofected (Nucleofector Transfection Program V06; Amaxa) with siRNA SMARTpool-targeted reagents (Dharmacon). Efficiency of siRNA uptake, as estimated with green (dye) nontargeting siRNA and fluorescent microscopy, was Ͼ 80% (MEC1 cells) and 40%-60% (CLL cells). The levels of target protein as measured by FACS mean fluorescence intensity (MFI) were reduced by 70%-80% in MEC1 cells and by 50%-60% in CLL cells after siRNA treatment.
Abs and reagents
Dynabeads human T-activator CD3/CD28 and control Dynabeads Pan mouse IgG, DynaMag-2, Pooled AB human serum, penicillin-streptomycin, rhodamine phalloidin, CellTracker Blue CMAC (7-amino-4-chloromethylcoumarin), and Alexa Fluor 488-labeled goat anti-rabbit Ab were all from Life Technologies. Trypsin-EDTA was from PAA. Functional grade CD200 (clone 325531), CD200 receptor (R), and CD54 (clone HA58) neutralizing Abs were obtained from R&D Systems. CD274 (clone MIH1), CD276 (clone MIH35), CD272 (clone MIH26), and CD279 (clone J116) neutralizing Abs were from eBiosciences. CD270 neutralizing Ab (clone 122) was from LifeSpan BioSciences. Anti-granzyme B Ab was from Abcam. Phospho-myosin light-chain Ab was from Cell Signaling Technology.
Flow cytometry
We performed flow cytometry on an LSRFortessa cell analyzer (BD Biosciences) and analyzed data using FlowJo Version 8.8.6 software (TreeStar). We gated live cells by forward and side scatter, DAPI negative staining, and ensured correct compensation and acquisition setup. Cells were resuspended at 1 ϫ 10 6 in 100 L of PBS containing 2% human serum. We incubated cells with pretitrated Abs to cell-surface markers at 4°C for 20 minutes. CD200 (clone 325516, PE), CD276 (clone 185504) were from R&D Systems; CD200 receptor (R; clone OX108, PE), CD270 (clone eBioHVEM-122, PE), CD274 (clone MIH1, PE), and CD279 (clone MIH4, PE) were from eBiosciences. CD272 (clone J168-540, PE) and the appropriate isotype controls were from BD Biosciences. The experiment shown in Figure 2B was performed on freshly purified CD19 ϩ (CLL cells compared with age-matched healthy donor B cells) or CD3 ϩ T-cell populations (from autologous CLL patient cells compared with agematched healthy donors). The experiment shown in Figure 4B was performed by coculturing freshly purified CD19 ϩ cells (CLL cells or age-matched healthy donor B cells) with CD3 ϩ T cells and using CD3 (clone UCHT1, FITC) to analyze the expression of PE-conjugated Abs in gated cell populations at baseline and after 48 hours of incubation with lenalidomide or vehicle control. Results are expressed as the proportion of cells expressing antigens of interest (percent positive staining) or MFI corrected for nonspecific background staining (isotype control-PE).
TMA, IHC, and image analysis
Tumor tissue microarrays (TMAs) from Barts and The London School of Medicine and Dentistry (London), including a reactive lymph node TMA (n ϭ 30 patient samples), were used and analyzed by immunohistochemistry (IHC). CLL lymphoid TMAs were constructed from initial diagnostic lymph nodes (71 patient samples). 11 CLL patients were selected as representative of the heterogeneity of the disease, including different Rai stages (I-III) and immunoglobulin variable heavy chain mutation status (mutated and unmutated; data not shown). In a separate TMA, representative extremes of survival were used, including a group of 17 poor-prognosis patients whose median survival was 38 months (with all patients dying of their disease) and a group of 18 patients with a longer median survival of Ͼ 10 years. 12 Extremes of survival diagnostic FL TMAs consisted of 34 samples from patients whose survival was less than 5 years and 25 samples from patients whose survival was more than 15 years from diagnosis. 13 Patients who lived less than 5 years from diagnosis (the short-survival group) had a median survival of 2 years and all died as a result of their disease. Patients who lived more than 15 years from diagnosis (the long-survival group) had a median survival of 21 years. We also examined TMAs before and after transformation (35 patients with paired samples). 14 CD200 (Prestige Antibodies; Sigma-Aldrich), CD274 (ab82059, Abcam), CD276 (Prestige Antibodies; Sigma-Aldrich), and CD270 (ab89479; Abcam) staining on CD20 ϩ (Novocastra) tumor B cells (cancer TMAs) or nonmalignant B cells (reactive TMAs) and CD279 (ab52597, NAT; Abcam) and CD272 (ab96560; Abcam) staining on CD3 ϩ T cells (Novocastra) were evaluated for mean intensity expression using automated IHC expression with serial section overlay analysis to identify cell-specific staining (Ariol Automated Image Analysis System; Applied Imaging).
Primary coculture screening assays
To analyze the impact on T cells of hematologic tumor cell direct contact, T cells (5 ϫ 10 6 /mL) and tumor cells (1 ϫ 10 7 /mL; or healthy donor B cells) were cocultured together (1:2 ratio) in full culture medium for 48 hours in a 24-well culture plate. Autologous CLL coculture assays were set up in a 1:10 T-cell to tumor-cell ratio. For functional screening assays, T cells were cocultured with tumor cells (or healthy donor B cells) that had been pretreated with individual or pooled neutralizing (10 g/mL) Abs for 1 hour and subsequently washed to remove any unbound Ab. All experiments were performed using isotype-matched IgG as controls. After coculture, cells were harvested and T cells isolated by negative selection (using MACS CD20 and CD19 microbeads) for subsequent viability (Vi-CELL XR analyzer Ͼ 90%), flow cytometry purity analysis (Ͼ 95%), and subsequent functional assays. To analyze the impact on T cells of solid epithelial cancer cell line direct contact, T cells (5 ϫ 10 6 /mL) were cocultured together with a confluent monolayer of cells (1:1 ratio) in full culture medium for 24 hours in a 6-well culture plate. For functional screening assays, adherent cells had been pretreated with individual or pooled neutralizing Abs (10 g/mL) for 1 hour and subsequently washed to remove any unbound Ab. After coculture, suspension T cells were harvested for subsequent viability analysis (Ͼ 90%) and subsequent functional assays.
T-cell to APC-cell conjugation assays
Briefly, healthy or malignant B (CLL) cells (2 ϫ 10 6 ) were stained with CellTracker Blue CMAC following the manufacturer's instructions and pulsed with or without 2 g/mL of a cocktail of staphylococcal superantigens (sAgs; SEA and SEB; Sigma-Aldrich) for 30 minutes at 37°C. B cells were centrifuged at 200g for 5 minutes with an equal number of T cells (purified from primary coculture) and incubated at 37°C for 10 minutes (CD8 ϩ T cells) or 20 minutes (CD3 ϩ T cells). Cells were transferred onto microscope slides (Menzel-Glaser Polysine slides; Thermo Scientific) using a cell concentrator (Cytofuge 2) and fixed for 15 minutes at room temperature with 3% methanol-free formaldehyde (TABB Laboratories) in PBS.
Immunofluorescence labeling and confocal microscopy
Immunofluorescent labeling was done using Cytofuge2 cell concentrator units, which allows meticulous experimental handling. Briefly, cells were permeabilized with 0.3% Triton X-100 (Sigma-Aldrich) in PBS for 5 minutes and treated for 10 minutes with 0.1% BSA in PBS blocking solution. Primary and secondary Abs were applied sequentially for 45 minutes at 4°C in 5% goat serum (Sigma-Aldrich) in PBS blocking solution. F-actin was stained with rhodamine phalloidin following the manufacturer's instructions applied alone or with the secondary Ab. After washing, the cell specimens were sealed with 22-ϫ 32-mm coverslips using fluorescent mounting medium (Dako). The specificity of staining was optimized and controlled using appropriate dilutions of isotype-control primary Abs and subsequent fluorescent secondary Abs. Background staining with control Abs was compared with positively stained cells and was not visible using identical acquisition settings. Medial optical section images were captured with a Zeiss 510 confocal laser-scanning microscope using a 63ϫ/1.40 oil objective and LSM Version 3.2 SP2 imaging software (Zeiss). Detectors were set to detect an optimal signal below saturation limits. Fluorescence was acquired sequentially to prevent passage of fluorescence from other channels (Multi-Track). Image sets to be compared were acquired during the same session using identical acquisition settings.
Quantitative image analysis of F-actin polymerization at T-cell synapses. Blinded confocal images (n ϭ 10 per patient treatment group) were analyzed using AxioVision Version 4.8 image analysis software (Zeiss). T-cell/APC conjugates were identified only when T cells were in direct contact interaction with APCs (blue fluorescent channel). The AxioVision area analysis tool was then used to measure the total area (in square micrometers) of F-actin (red fluorescent channel) accumulation at all T-cell contact sites and synapses with APCs (minimum n ϭ 100 per patient treatment group). These data were then exported into Prism Version 5 software (GraphPad) for statistical analysis and to generate a mean area value per experimental population. Rapid functional screening results and verification of any gain in function using our synapse bioassay was performed using a customized automatic analysis macro with highthroughput screen Cellomics technology (ASSAYbuilder; Zeiss) that measured the area (in square pixels) of F-actin polymerization at each T-cell/APC contact site with batch analysis (data not shown).
CTL cytotoxicity assay
CD8 ϩ CTL cytolytic activities were determined using the CytoTox 96 NonRadioactive Cytotoxicity Assay (Promega). Briefly, after primary coculture, CTLs were incubated with APC target cells (third-party healthy donor B cells or autologous CLL cells pulsed with sAg) at a 30:1 effector-totarget ratio at 37°C for 4 hours. The percent cytotoxicity for each treatment was calculated according to the manufacturer's instructions as follows: (experimental Ϫ effector cell spontaneous LDH release Ϫ target spontaneous)/(target cell maximum Ϫ target cell spontaneous) ϫ 100.
Rho-GTPase activity assays
After primary coculture with primary CLL cells, healthy donor T cells (10 7 cells at a 2:1 ratio) were isolated by negative selection and starved for 5 hours (RPMI 1640 medium containing 1% serum) and then incubated with anti-CD3/CD28 T-Activator Dynabeads following the manufacturer's instructions (1:1 bead-to-cell ratio). After 45 minutes, T cells were harvested using a magnet to remove the beads before being lysed (100 L of lysis buffer plus protease inhibitor cocktail) and RhoA, Rac1A, and Cdc42 activity was measured (490 nm colorimetric detection) according to the manufacturer's protocols (BK124, BK128, and BK127 G-LISA kits; Cytoskeleton).
Lenalidomide treatment
Lenalidomide was a kind gift from Celgene. Drug powder was dissolved in DMSO to make a 10mM stock and added to coculture assays or pretreatment of tumor cells at a 1M final concentration in full culture medium (5nM for the treatment of RPMI8226 multiple myeloma [MM] cells). Vehicle control-treated cells were cultured using DMSO alone.
Statistical methods
The Wilcoxon signed-rank test was used to compare repeated and paired measurements between 2 experimental groups. Multiple group comparisons were performed using repeated measures ANOVA (Friedman test) with a Dunn posttest for comparison of individual groups. We compared the data shown in Figures 2 and 3A and B using the Mann-Whitney test. The 2-tailed paired Student t test was used for the data shown in Figure 5 . P Ͻ .05 was considered significant. All statistical analysis was done using Prism Version 5 software. 
Results
Combined action of CLL-inhibitory ligands CD200, CD274, CD276, and CD270 suppress both allogeneic and autologous T-cell actin synapses
We designed a small interfering RNA (siRNA) functional synapse bioassay (supplemental Figure 1 , available on the Blood Web site; see the Supplemental Materials link at the top of the online article) using the B-cell leukemia cell line MEC1, 15 which induces the same T-cell immune synapse defect as primary CLL cells, 6 and customized siRNA libraries that included soluble and membraneimmunosuppressive molecules. 16, 17 siRNA-treated MEC1 cells were cocultured with healthy donor allogeneic T cells, which were subsequently used in conjugation assays with sAg-pulsed thirdparty, healthy donor allogeneic B cells as APCs. F-actin polymerization was quantified using confocal image analysis software. In this bioassay, knockdown of inhibitory molecules should lead to gain in function. Treatment of MEC1 cells with siRNA targeting soluble factors including TNF␣, TGF␤, IL-10, or IL-6 did not increase T-cell F-actin polarization, which is consistent with our previous data showing that CLL-soluble factors did not induce this effect. 6 Knockdown of cell-surface molecules, including VEGF, B7-H4, CD275 (ICOS-L), CD86, or CD80 had no influence on F-actin polymerization, but we identified 3 B7 superfamily-related ligands [18] [19] [20] ; CD200, CD274 (PD-L1), and CD276 (B7-H3); and 1 TNF-receptor superfamily member, 21 CD270 (HVEM or TNFRSF14), for which siRNA treatment of MEC1 cells enhanced immune synapse formation significantly ( Figure 1A) .
We confirmed these results using primary CLL cells from 20 untreated patients pretreated with individual or pooled neutralizing Abs before coculture with healthy donor allogeneic T cells. Blocking the combined activity of CD200, CD270, CD274, and CD276 increased F-actin synapse polymerization with APCs compared with individual neutralization or isotype control experiments ( Figure 1B) , whereas no effect was seen in healthy B cells with or without neutralizing Abs. CLL patients were selected to represent the heterogeneity of the disease including different Rai stages (I-III) and immunoglobulin variable heavy chain mutation status (mutated and unmutated; data not shown). [22] [23] [24] None of these factors was associated with extent of B7-related ligand immunosuppressive signaling activity. Additional siRNA knockdown experiments targeting these inhibitory ligands on primary CLL cells confirmed the inhibitory role of these molecules in mediating the T-cell synapse defect (supplemental Figure 1C) . We showed previously that after coculture with CLL cells, previously healthy T cells exhibit a reduced ability to form conjugates with APCs and exhibit reduced polarization of key signaling molecules, including tyrosine-phosphorylated proteins, to the synapse. These defects lead to suppressed proliferation, cytokine release, and cytotoxic function. 6 Our screening results showed that blockade of tumorinhibitory ligand signaling augmented T-cell synapse activities, including increased number of T-cell conjugates, phosphotyrosine expression, and function (data not shown). To identify the inhibitory coreceptors on T cells that receive the tumor immunosuppressive signaling, we performed reverse functional screening assays. These assays showed that Ab blockade of the T-cell counterreceptors CD200 receptor (CD200R), CD272 (BTLA), and CD279 (PD-1) before coculture with CLL cells also prevented the inhibitory ligand signaling, leading to significant gain in T-cell synapse and CTL effector function (supplemental Figure 2) . We next verified an inhibitory role of these inhibitory ligands on autologous T cells from CLL patients, which exhibit impaired immune synapse formation with autologous CLL cells compared with age-matched healthy donor cells (synapse quantification of healthy T cells conjugated with sAg-pulsed autologous B cells; Figure 1C ). 6 As shown in Figure 1C , autologous functional screening assays showed that direct contact coculture of T cells from CLL patients with autologous tumor cells in the absence of antigenic stimulation augmented defective synapse F-actin polymerization. However, pretreatment of CLL cells with neutralizing Abs targeting inhibitory ligands prevented this defect.
Inhibitory molecules are up-regulated in CLL and linked to poor prognosis
We also analyzed in situ expression of inhibitory ligands and their TCRs by IHC using a CLL lymph node TMA. Significantly higher expression of CD200, CD270, CD274, and CD276 on CD20 ϩ cells BLOOD, 16 AUGUST 2012 ⅐ VOLUME 120, NUMBER 7 For personal use only. on May 3, 2017. by guest www.bloodjournal.org From and CD272 and CD279 on CD3 ϩ T cells was seen in CLL samples compared with reactive lymph node samples. Significantly increased expression of CD200 and CD274 on CLL cells (Figure 2A ) and CD279 on CD3 ϩ T cells (supplemental Figure 3A) was found in poor-prognosis patients (median survival, 38 months) compared with good-prognosis patients (median survival, Ͼ 10 years). Flow cytometric analyses of peripheral blood cells from CLL patients showed that all 4 inhibitory ligands were up-regulated on circulating CLL cells and their receptors on autologous T cells compared with age-matched healthy donor cells ( Figure 2B and supplemental Figure 3B ). The number of cells showing positive (%) expression for inhibitory molecules CD274, CD276, CD200R, and CD279 was significantly greater in CLL patients compared with healthy donors. In contrast, all cells expressed CD200, CD270, and CD272, but these had up-regulated expression levels (MFI) in CLL patients compared with healthy donors. These results identify up-regulated inhibitory molecules coopted by CLL tumor cells that mediate inhibitory-receptor-dependent T-cell synapse dysfunction.
Impairment of T-cell actin dynamics is a common immunosuppressive strategy in both hematologic and solid carcinoma cells
Similar F-actin polymerization synapse defects occur in FL tumorinfiltrating T cells, suggesting a common immunosuppressive pathway in hematologic malignancy. 13 IHC analysis of the inhibitory ligands and their receptors in diagnostic FL TMAs demonstrated increased expression of CD200, CD274, and CD276, but not CD270, on intrafollicular FL cells compared with reactive lymph tissue, as well as increased expression of CD279 on interfollicular T cells ( Figure 3A ). There was significantly higher expression of these molecules in poor-compared with good-prognosis patients ( Figure 3B) . In a separate transformation (t-FL) TMA, increased expression of CD270 on lymphoma cells and CD279 on T cells was associated with transformation to DLBCL compared with paired pretransformation FL samples ( Figure 3C ). Blocking CD200, CD274, and CD276 on FL cells before coculture with autologous peripheral blood healthy T cells (nonleukemic phase disease) or healthy donor allogeneic T cells prevented induction of T-cell F-actin synapse defects. Transformed FL also used these inhibitory ligands, including CD270, during immunosuppressive signaling interaction with healthy donor allogeneic T cells ( Figure 3D and supplemental Figure 4A-B) .
We then broadened our analyses to other cancers. The MM cell line RPMI8226 and Hodgkin lymphoma cell lines (data not shown) express these inhibitory ligands and induce T-cell F-actin dysfunction in previously healthy allogeneic T cells after direct contact coculture ( Figure 3E ), whereas this was less marked with cell lines that did not express high levels of these inhibitory ligands (supplemental Figure 4C-D) . The squamous cell carcinoma (SCC) cell line VB6 9 and the ovarian cancer (OC) cell line SKOV3 25 induced F-actin polymerization dysfunction in previously healthy allogeneic T cells. Functional data showed that these tumor cells use the same inhibitory ligand signaling axes as hematologic malignant cells ( Figure 3F-G) , whereas the nonmalignant ovarian epithelial cell line IOSE 10 had decreased expression of inhibitory ligands and did not modulate T-cell F-actin synapse function ( Figure 3G and supplemental Figure 4E ). These data suggest that both hematologic and solid cancer cells use common immunosuppressive-inhibitory mechanisms to suppress T-cell function.
The immunomodulatory drug lenalidomide prevents induction of tumor-induced T-cell lytic synapse dysfunction
The immunomodulatory drug lenalidomide is clinically active in CLL and lymphoma 26, 27 and repairs autologous T-cell synapse formation defects in CLL, acting on immune cells and cancer cells. 6 The results presented in Figure 4A reveal blocking the ability of tumor cells to induce T-cell tolerance as a novel activity of this drug. In the present study, lenalidomide treatment blocked CLL cell-induced T-cell actin synapse dysfunction, mimicked Ab blockade experiments, and down-regulated expression of CLL inhibitory ligands and their receptors on T cells ( Figure 4B and supplemental Figure 5A ). Lenalidomide treatment (ie, pretreatment of CLL cells or direct addition of the drug to primary coculture) prevented tumor-induced immune suppression in FL, DLBCL, Hodgkin lymphoma (data not shown), MM, SCC, and OC cells and down-regulated immunosuppressive ligand expression on all tumor cells examined ( Figure 4C and supplemental Figure 5B ). CTL killing function increased significantly after Ab blockade of CLL-inhibitory ligands or lenalidomide treatment compared with control treatments (Figure 4D ). Moreover, treatment of autologous CLL/T-cell cocultures with lenalidomide reversed impaired CD8 ϩ T-cell lytic synapse formation and granzyme B trafficking ( Figure 4E ). Direct clinical relevance of our findings was shown by analysis of CLL patient samples during an in vivo lenalidomide clinical trial that identified down-regulated inhibitory ligands ( Figure 5C ), increased T-cell conjugation and synapse function with autologous tumor cells acting as APCs ( Figure 5A-B) , and increased Ag-induced CTL effector activity with drug treatment ( Figure 5D ). Ex vivo coculture of CLL cells that had been treated with lenalidomide with autologous T-cell populations in the absence of drug did not induce any detectable induction of T-cell tolerance, suggesting stable immunomodulatory activity.
Tumor-inhibitory signaling targets T-cell Rho-GTPase activation signaling that is reversible with lenalidomide or Ab blockade
To gain insight into the molecular targets of tumor-induced T-cell actin dysregulation, we measured T-cell expression of activated, GTP-bound Rho family members that regulate actin polymerization. 28 Consistent with previous studies, we found that engagement of the TCR in healthy T cells elicits a complex cascade of signaling events that regulate the activation and location of RhoA, Rac1, and Cdc42 Rho-GTPases (Figure 6 ). 29 Increased Rac1 activation at the front of the T cell is linked to dynamic lamellipodium structures that form the actin-rich synapse. In contrast, TCR-induced uropod disappearance is associated with profound arrest of RhoA activity at the back of the T cell. However, activated RhoA and Cdc42 are located at the synapse site. Therefore, stimulation of T cells through the TCR specifically activates RhoA, Rac1, and Cdc42 at the immune synapse. 30 It has been proposed that these signaling mechanisms allow T-cell retention and synapse formation on Ag recognition. As can be seen in Figure 6 , coculture with CLL cells decreased activated RhoA, Rac1, and Cdc42 levels in TCRstimulated T cells significantly compared with age-matched healthy B cells. These tumor-exposed T cells also showed reduced myosin activity that has been shown to regulate TCR signaling and immune synapse stability (supplemental Figure 6) . 31 In contrast, Ab blockade of CLL-inhibitory ligand signaling or lenalidomide treatment prevented induction of these T-cell Rho-GTPase signaling defects in previously healthy donor T cells ( Figure 6 ).
Discussion
CD4 ϩ and CD8 ϩ T cells are critical for controlling immune function, including immune surveillance of tumor cells. There is currently a renewed optimism and realization that immune-based therapies have the potential to make significant clinical contributions toward the treatment of incurable cancers and target drugresistant tumor subclones. 2, 32, 33 However, clinical-grade therapies such as adoptive cell transfer can involve complicated and very expensive ex vivo manipulations. In addition to this translational cost barrier, it is now becoming recognized that cancer cells actively use immune evasion mechanisms to combat immune function. This is an emerging hallmark of cancer biology, and this pro-tumor microenvironment is likely to be a major biologic barrier to the success of immunotherapy protocols such as transplantation, adoptive cell transfer, and vaccination. 3, 13 We have previously defined a common immune defect in CLL and lymphoma: an inability of tumor-exposed T cells to form functional immune synapses with APCs. Of clinical relevance, we also showed that the immunomodulatory drug lenalidomide repaired this autologous defect by restoring T-cell actin activation signaling and enhancing APC function of tumor B cells. 6, 13 In the present study, we screened siRNA libraries and used a functional synapse bioassay to identify the molecules and signaling mechanisms with which tumor cells induce T-cell synapse defects. We have shown herein that the inhibitory B7-related molecules CD200, CD274 (PD-L1), and CD276 (B7-H3) and the TNFreceptor superfamily member CD270 (HVEM) are highly expressed on leukemic cells and are key mediators of the global T-cell synapse defect (Figure 1) . We also showed that CD200R, CD279 (PD-1), and CD272 (BTLA) are the T cell-inhibitory coreceptors that transmit tumor immunosuppressive signaling (supplemental Figure 2) . CLL cells exploit the combined action of these multiple coinhibitory ligand-receptor signaling axes to induce T-cell F-actin synapse dysfunction and suppress effector function in both previously healthy allogeneic and autologous patient T-cell populations. Mechanistically, this tumor-inhibitory signaling down-regulates activated Rho-GTPases RhoA, Rac1, and Cdc42, key regulators of T-cell synapse actin dynamics ( Figure 6 ). 30, 34 TCR-stimulation specifically activates RhoA, Rac1, and Cdc42 at the immune synapse, and we postulate that tumor-cell modulation of Rhoactivation signaling accounts for the global T-cell immune synapse and functional defects in CLL. These data are consistent with our initial observation that actin cytoskeletal signaling pathways are dysregulated profoundly in both the CD4 ϩ and CD8 ϩ T-cell populations in CLL. 4 The specific delineation of the downstream signaling mechanisms, including the small GTPases that are affected by cancer cell engagement of the T-cell inhibitory receptors, is the subject of our ongoing studies. In the present study, we identified a novel immunomodulatory mechanism of action of lenalidomide: blocking tumor-cell-induced T-cell synapse dysfunction (Figures 4 and 5) . Both ex vivo and in vivo lenalidomide treatment prevents induction of the T-cell defect and downregulates increased expression of inhibitory ligands on tumor cells and their receptors on T cells. The discovery that lenalidomide can block the induction of cancer-cell-induced T-cell tolerance, together with our previous observation that it can repair the autologous T-cell synapse defect present in cancer patients, provides important mechanism of action data for the observed clinical activity of this agent in ongoing clinical trials. 6, 26 The ability of this drug to promote T-cell activity and reeducate existing T-cell populations in cancer patients represents a very attractive immunomodulatory strategy. These findings suggest that lenalidomide should be considered in combination with other immunotherapies, including existing clinical-grade antagonist Abs that target inhibitory molecules such as CD279 (PD-1)/CD274 (PD-L1), and CD276 (B7-H3). 33 Our previous work has shown that the profound molecular and functional synapse defects observed in T cells after CLL or FL tumor-cell coculture are global. 4, 6, 8, 13 These defects are not restricted to Ag-specific responses nor are they repaired by the addition of exogenous IL-2, features that might be expected in anergic cells. We have not been able to demonstrate any involvement of regulatory T cells in the observed immune synapse defect. Our combined data point to global T-cell suppression via receptorbased immune evasion by cancer cells. Support for the use of CLL as a model comes from our results in other hematologic malignancies (eg, FL and DLBCL) and solid epithelial cancer cell lines (eg, OC and SCC) that show strong expression and immunosuppressive activity of these inhibitory molecules compared with nonmalignant control cells (Figure 3 ). This potent inhibitory activity toward previously healthy donor T cells mediated by epithelial tumor cells that lack the same MHC expression profile as tumor B cells suggests that cancer cells "hijack" immune-regulatory molecules that are normally tightly regulated on healthy APCs. We have also demonstrated that primary FL tumor cells derived from lymph node biopsies induce T-cell synapse dysfunction in previously healthy autologous peripheral blood T-cell populations (ie, nonleukemic phase disease patients) and healthy donor allogeneic T cells via up-regulated CD200-, CD274-, and CD276-inhibitory signaling. We have demonstrated the utility of antagonist Ab blockade or lenalidomide treatment in down-regulating the activity of these immunosuppressive signaling axes in our functional synapse bioassay (Figure 4) . Our findings are supported by other studies showing that primary mediastinal lymphoma B cells overexpress CD274, which induces T-cell activation defects after short-term primary coculture. 35 Blocking CD274 on anaplastic large-cell lymphoma cells prevented the induction of impaired IFN-␥ and proliferation responses in previously healthy allogeneic T-cell and autologous tumor-associated T-cell populations. 36 Of clinical importance, lenalidomide has been shown to down-regulate CD274 expression on primary MM cells. 37 The relevance of our findings to acute leukemias has also been highlighted by a recent study describing up-regulated CD274 expression on acute lymphoblastic leukemia tumor cells as driving the induction of inhibitory receptor CD279 expression on previously healthy naive T-cell populations BLOOD, 16 AUGUST 2012 ⅐ VOLUME 120, NUMBER 7 For personal use only. on May 3, 2017. by guest www.bloodjournal.org From in a murine model of disease. 38 We have observed a similar rapid induction of global synapse functional defects in T cells from young, healthy mice that were infused with CLL tumor cells. 8 We conclude that tumor cell-induced impaired actin polymerization mediated by abnormal cancer-specific inhibitory ligand signaling is a common T-cell defect in human cancer. These results also suggest that hematologic malignancies are good models with which to study this cancer immune evasion mechanism because of the intrinsic increased exposure of T cells to these tumorimmunosuppressive signaling interactions.
Opposing activating and inhibitory B7-related molecules modulate TCR-mediated signaling in normal T-cell/APC immune interactions. 39 The expression of inhibitory ligands are up-regulated in many cancer types, 16, [40] [41] [42] and this is linked to poor patient prognosis. 43 However, the mechanistic consequences of this abnormal expression have not been fully defined previously. In the present study, we show that, in contrast to healthy cells, tumor cells express high levels of B7-related inhibitory ligands and exploit their function and affinity for their receptors to induce impaired T-cell F-actin synapse formation and CTL effector function. Our future studies will focus on comparing this inhibitory signaling in cancer cells with healthy APCs using established models for measuring lymphocyte activation. 44 Our data show that dysregulated Rho-GTPase signaling is a major target pathway for understanding and repairing tumor cell-induced T-cell defects. The identification of CD200, CD270, CD274, and CD276 proteins as key molecules in cancer immune suppression provides new molecular targets for developing improved immunotherapy approaches in CLL and other malignancies to complement existing antitumor therapies.
